The Swift test was originally proposed as a formability test to reproduce the conditions observed in deep drawing operations. This test consists on forming a cylindrical cup from a circular blank, using a flat bottom cylindrical punch and has been extensively studied using both analytical and numerical methods. This test can also be combined with the Demeri test, which consists in cutting a ring from the wall of a cylindrical cup, in order to open it afterwards to measure the springback. This combination allows their use as benchmark test, in order to improve the knowledge concerning the numerical simulation models, through the comparison between experimental and numerical results.
Introduction
Sheet metal forming is a complex process involving geometric, material and boundary conditions nonlinearities, associated with the large strains and contact between the sheet and the tools. Therefore, with the development of the sheet forming technology, several simulating tests were conceived, to try to reproduce at the laboratory scale, the conditions observed in industrial parts. The main focus of these tests was the analysis of the sheet metal formability. Thus, various formability tests, specific for each of the deformation patterns observed have been developed, covering the major ( Among the deep drawing tests, the Swift test has been widely used and is considered as a standard test by the International Deep-Drawing Research Group (IDDRG) [1] . The test consist on forming a cylindrical cup from a circular blank, using a flat bottom cylindrical punch, imposing a negative minor strain state to the sheet plane, associated to a circumferential compression loading, which typically induces the thickening of the material located in the flange. It has been extensively studied and used as a reference test to evaluate the formability limit of the materials, by calculating the maximum Limiting Drawing Ratio (LDR), which corresponds to the proportion between the maximum diameter of the blank, which can be stamped without breaking, and the diameter of the punch. From a theoretical point of view, this ratio cannot exceed the maximum value of 2.72, as demonstrated in [2] , with its value varying between 1.8 and 2.4. On the other hand, from an empirical point of view, the ratio is dependent on the properties of the material, particularly the average anisotropy coefficient [3] , or the geometry of the tools, particularly the die radius [4, 5] . On the other hand, several authors have shown, via analytical models [5] [6] [7] , that the LDR is dependent on the friction coefficient or material parameters such as the yield strength, the yield stress, the normal anisotropy coefficient, or the strain rate sensitivity parameter.
With the advent of the numerical simulation analysis many of these simulating tests became also benchmarks, i.e. reference tests to enable the comparison between experimental and numerical results, in order to improve the numerical methods used (type of finite element, contact description algorithms, etc.) and the constitutive models. For instance, the standard Limiting Dome Height (LDH) recommended by the North American Deep Drawing Research Group (NADDRG), was one of the benchmarks 4 proposed under the Numisheet'1996 conference [8] . The other was the S-rail which focuses another important aspect in sheet metal forming operations, the springback phenomenon [9] . In this context, besides the S-rail, many other benchmarks have being proposed, such as the U-rail (Numisheet' 93) [10] , the Unconstrained Cylindrical Bending (Numisheet'2002) [11] [12] [13] , the Draw/bend test geometry [14] , or the Demeri test [15, 16] . This last test consists in cutting a ring from the wall of a cylindrical cup, in order to open it afterwards to observe the relaxation of the stresses induced by the forming operation, i.e. the ring opening is an direct measurement of the springback [17] . These tests were used to improve the numerical prediction of springback, particularly by enabling the study of the strong influence of numerical parameters such as the type, order and integration scheme of finite elements as well as the shape and size of the finite element mesh, but also of the constitutive model adopted [11-14, 16, 18] .
The deep drawing of cylindrical cups has also been extensively studied (see e.g. [16, 19, 20] ) in order to improve the prediction of forming defects, such as wrinkles as was the case in the Numisheet 2002 [19, 21] , or the earing effect, for instance in Numisheet 2014 [22] . The prediction of these type of defects, as well as formability, are quite sensitive to the constitutive model adopted, but also to the algorithms adopted to deal with the contact conditions [4, 22] . Therefore, it is widely used to analyse the influence and the accuracy of the yield criterion adopted, on the prediction of the anisotropic behaviour of the materials and to validate the parameters used in the constitutive laws [21, 23] , often identified by inverse analysis [24] . Moreover, the forming of a cylindrical cup may also involve operations such as direct redrawing [25] or reverse drawing (Numisheet '99) [26] [27] [28] , or even ironing [22, 29, 30] used, for example, in the manufacture of beverage cans [31] . The drawing operation makes it possible to shape a cup from a flat sheet, while redrawing or reverse drawing allow the modification of the cup dimensions, by imposing an even more complex strain path. Finally, the ironing operation consists in reducing the thickness of the wall while retaining the internal diameter of the cup. Experimentally, it is observed that the ironing operation tends to reduce the earing effect which occurs during the deep drawing operation, induced by the anisotropic behaviour of the material, while the other two operations tend to accentuate the amplitude of the ears [32] . The numerical simulation of this type of operation requires an accurate description of the double-side contact conditions experienced by the blank sheet (see e.g. [4] ). In this context, the conventional hexahedral 8-node element appears as an interesting alternative, as well as the solid-shell elements, since it allows combining 5 the advantages of the conventional shell elements with a more realistic description of the contact. There are several definitions of solid-shell elements, using various numerical methods, in order to avoid buckling and hourglass modes, some of which have been previous used in sheet metal forming simulations [11, 13] .
The focus of this study is the experimental and numerical analyses of the Swift cup test, followed by the Demeri test, performed with the AA5754-O alloy at room temperature. Previous studies indicate that, for the assumed conditions, this test involves a drawing and an ironing operation and that the springback prediction is quite sensitive to the numerical parameters and the constitutive model adopted [33] . Thus, a detailed analysis of the following process variables is performed: the punch force evolution, the thickness distribution measured for three directions, the earing profile, the strain paths and their evolution and the ring opening. The following section contains the description of the test conditions and the experimental results. The numerical model adopted in the standard-implicit version of ABAQUS is described in Section 3. Since the aim of the numerical study is to compare the computational efficiency of solid and solid-shell elements, constitutive models available as standard in ABAQUS are selected, in order to assure that the same implementation strategy is adopted in both cases. The comparison between the experimental and numerical results is performed in Section 4, highlighting the influence of the element type and the constitutive model adopted, in each of the process parameters under analysis. Finally, the main conclusions are presented in Section 5.
Experimental procedure
This section contains the detailed description of the test conditions considered for the forming process and the posterior springback evaluation using the split-ring test.
It should be mentioned that, globally, the test conditions are identical to the ones adopted in the cylindrical cup proposed as benchmark at conference Numisheet 2016 [34] .
However, there are same differences, particularly in the die opening radius and the blank thickness that contribute to the change of the process conditions.
Description of the test conditions
The material used in this study was sampled from a rolled sheet of 1-mm gauge AA5754-O aluminium alloy (Al-3%Mg), commonly used in the automotive 6 industry to produce inner body panels. The mechanical behaviour of this material was studied by performing uniaxial tensile tests with the specimen oriented along the rolling direction (RD), 45º to the RD (DD) and the transverse direction to RD (TD), and monotonic shear tests at RD. The results of these tests have been described in detail in [35] [36] [37] . In order to help the analysis of the results, the r-values determined were: 0 r = 0.663; 45 r = 0.860 and 90 r = 0.717. The yield stress is similar for the three directions, with an ultimate tensile strength equal to 222.2 MPa, 211.0 MPa and 216.5 MPa, for the RD, DD and TD, respectively [37] .
The deep drawing tests were performed in a sheet metal testing machine (Zwick BUP200), using a tool composed by a die, a blank-holder, a punch and an ejector, which allows extracting the part from the punch at the end of the forming operation. The cutting of the blank is performed automatically using two supplementary tools: the convex cutting blade and the extractor. During this step, the blank holder is used as cutting punch to produce a blank with a diameter of 60 mm ± 0.01. This guarantees the centring of the blank automatically. A blank-holder pressure of 1 to 3 MPa should be sufficient to guarantee a part without defects (wrinkles or necking) [38] . However, the machine does not allows applying such low pressure values. An optimal pressure range between 5 and 8 MPa for stamping square cups, made of AA5754-O aluminium alloy is indicated in [39] . Thus, all tests were performed considering a blank-holder force of 6 kN, corresponding to an initial pressure of 4.9 MPa. The tests were performed for a punch velocity of 1 v = 1.1 mm.s Figure 3 presents the punch force evolution with its displacement for tests performed under dry and lubricated conditions. Interrupted tests were also performed for lubricated conditions, to analyse the part geometry at every 5 mm of punch displacement.
Experimental results
For lubricated conditions, the maximum punch force value of 17.5 kN is attained for a punch displacement of 11-12 mm, which corresponds to the instant that the die and the punch shoulder radii are completely formed in the part. As shown in Figure 2 , there is no way in the tool to control the blank-holder displacement. Thus, it only stops its movement when it establishes contact with the die. This means that when the blank-holder loses contact with the blank, a sudden change is observed in the punch force evolution, for a Figure 3 . The dry test was performed with the tools and the blank degreased, leading to a force peak for the punch displacement of approximately 16 mm.
This results from adherence between the tools and the blank, i.e. galling occurs [40] . The occurrence of this phenomenon for aluminium alloys has been previously reported as a consequence of the physicochemical interaction between the blank and the tools, for low lubricant conditions, which lead to the local heating and the adhesion of the aluminium alloy to the tools. This phenomenon tends to occur in zones subjected to high contact pressures, as for example in the die shoulder [41] [42] [43] . The maximum thickness value measured in the cup's flange, for a punch displacement of 20 mm (i.e. before the ironing stage), was 1.3 mm. Therefore, the theoretical thickness reduction induced by the ironing stage is 15% [29] , which is a moderate value when compared with the typical values used in can making industries.
The thickness measurements were performed with a (MMT) Brown&Sharpe® MicroXcel pfx 4.5.4 tri-dimensional measurement machine. The measurements were performed from the cup's bottom along three orientations: rolling direction (RD), 45º to the RD (DD) and the transverse direction to RD (TD). Figure 4 presents the results for the dry and the lubricated tests, showing an evolution similar to the ones previously reported for the Swift test, with a higher thickness reduction close to the exit of the punch shoulder radius [3] , with a value that depends on the punch and die shoulder radius [44] .
Nevertheless, the thickness evolution shows a small anisotropic behaviour, with the DD presenting the highest thinning value, which is coherent with the highest r -value and the lowest ultimate tensile strength, since the yield stress and the r-value have an opposite effect in the cup height [32] . The lack of lubrication only generates a more accentuated thinning of the vertical wall, which indicates that the contact conditions between the blank and the die have a strong influence on the results [45] . Figure 4 . Thickness evolution along the curvilinear coordinate for RD, DD and TD, for a punch velocity 1 v , considering different lubrication conditions.
The earing profile was also measured with the MMT machine and the results are presented in Figure 5 , showing the good reproducibility of the measurement for the four tests performed under lubricated conditions. For dry conditions, the draw-in is smaller resulting in a slightly higher thickness reduction of the vertical wall (see Figure   4 ), leading to a higher cup. Whatever the lubrication conditions, it is possible to observe four ears, at 45º to RD, which corresponds to the typical behaviour of a material presenting a planar anisotropy coefficient 0.170 0 r     [3, 46] . Also, since the rvalue along RD is smaller than along TD, the valleys at 0º with RD are less pronounced than the ones at 90º to RD. The earing profile is mainly dictated by the in-plane r-values directionalities because the material presents only a small variation of the flow stresses. Figure 5 . Earing profile after cup forming, for a punch velocity 1 v , considering dry and lubricated conditions (four tests).
The strain fields were measured for different punch displacements using the digital image correlation system ARAMIS (ARAMIS 4M, with two video cameras and an image resolution of 2048 × 2048 pixels 2 ) by making an image of the initial sheet (before deformation) and an image for each instant under analysis. A thin polypropylene film (0.02 mm of thickness) was used between the die and the blank to preserve the integrity of the paint speckle, allowing the strain field calculation. The size of the correlation windows is 13 × 13 pixels 2 and the scale of the order of 18 pixels/mm. The measurement is carried out with a step size of 8 pixels corresponding to a recovery of 38%.
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The interrupted tests were performed under lubricated conditions and using the polypropylene sheet between the blank and the die. The strain fields obtained allow to represent the strain states of the exterior surface of the cup in the forming limit diagram.
The results are shown in Figure 6 for a punch displacement of 10 mm, 20 mm and 30 mm, which also presents the forming limit curve extracted from [4] . 
13
The Demeri test is used to characterize the springback as previously done by other authors for other aluminium alloys [16, 17, [47] [48] [49] . This test consists on trimming a ring in the cup's vertical wall that is afterwards cut along the RD. The ring opening allows the direct measurement of springback resulting from the release of the internal stresses [48] . The rings were trimmed at a distance of 8 mm from the cup's bottom with a height of 7 mm, using an electro-erosion machine by wire. The wire and the electric arc generate a cutting thickness of 0.3 mm, which is taken into account to obtain a ring of 7 mm in height. The same technique was used to cut the rings along the RD, as shown in Figure 7 , and the opening was measured. Table 1 shows the results for three tests indicating an average value of 6.0 mm. Figure 7 . Positioning of the ring in the cup and measurement of its opening after springback. 
Numerical simulation of the Swift test
The numerical simulations were performed with the standard-implicit version of the ABAQUS. The tools were modelled using analytical surfaces since they were assumed as rigid. The die opening radius corresponds to the measured value of 35.30 mm 14 (see Figure 2) . A ring of elements called "Block stopper" was defined to establish contact with the blank-holder and prevent its movement, as soon as it loses contact with the blank sheet. This allows to reproduce the contact conditions previously mentioned. Moreover, a quarter of the model was sufficient to perform the simulation of the deep drawing process, due to the geometrical and material symmetry conditions. However, in order to simplify the simulation of the ring opening, half-model was considered. Figure 8 . Model used in the numerical simulation of the cup, presenting the equivalent plastic strain distribution for a punch displacement of 15 mm.
Discretization of the blank
Two types of finite elements available in ABAQUS were selected to perform this study, based on previous results that show that the C3D8I is the solid element which leads to better springback predictions [16] . The C3D8I element is a linear hexahedron element (with 8 nodes) and selectively reduced integration to which incompatible deformation modes are added. The SC8R element (continuum shell) is a solid-shell, i.e.
it is also a hexahedron with 8 nodes (with only translation degrees of freedom), but of shell type with respect to the kinematic behaviour. It is an element with reduced integration (only 1 integration point in the plane) for which it is possible to vary the number of integration points in the thickness direction (for further details see [50] ). The
Simpson integration rule was selected considering 5 (default) and 15 through-thickness points, to analyse the effect of this parameter on the springback, since it is known to have a strong impact in its prediction [14, 18, 51] . For the simulations carried out with the C3D8I element, three layers of elements were used, to have 6 integration points through the thickness.
Two meshes were used to study the influence of the in-plane mesh size, considering a different number of elements in the radial and circumferential direction, as shown in Figure 9 , for the coarse mesh. The part of the mesh corresponding to the bottom of the cup is subjected to small deformation values (see Figure 6 and Figure 8 ) and, consequently, was considered identical for the two meshes (total of 88 elements in the plane). The coarse mesh (M1) is built considering 34 and 48 elements along the radial and circumferential directions, while the fine mesh (M2) has 68 and 96, respectively.
Thus, when using SC8R element, the mesh M1 has 3984 elements (8164 nodes) and M2
has 15312 elements (30994 nodes). The meshes for the C3D8I element type has twice has many nodes.
The transition zone allows the refinement of the part which corresponds, at the end of the forming stage, to the vertical wall of the cup where the ring will be cut. The average mesh size in this part of the mesh is 0.5 and 0.25 mm for the meshes M1 and M2, respectively. Both discretizations respect the recommendations of using an element size that covers at least 5 to 10º of the tool radius, i.e. at least 9 elements in contact with the radius of the die or punch, in order to accurately predict the springback [14, 51] . On the other hand, shell elements are adequate to predict springback when the ratio between the tool radius and the thickness of the sheet is greater than 5-6, while solid elements are required for smaller ratios [14] . Previous results also indicate that, in case of solid elements, the ratio between the finite element length in the sheet plane and throughthickness should be as close to 1.0 as possible, in order to improve springback predictions [52] , which justifies the selection of a small in-plane finite element size. Finally, in order to perform the simulation of the ring opening, a predefined region is established on the original mesh [16, 33, 49] , as shown in Figure 9 . The simulation of this test is done by deactivating the zones of the mesh not corresponding to the ring. This means that for different blank discretizations the ring can have a different height, which is known to affect the ring opening [48] . This effect is minimized with the selection of a small inplane mesh size. 
Elastoplastic constitutive model
The elastic behaviour is assumed isotropic and is described by a Poisson coefficient of 0.33 and a Young's modulus of 68 GPa. The reversed shear results showed a very weak Bauschinger effect [53] and, consequently, an isotropic hardening law was adopted. Based on the results available, it was decided to identify the hardening behaviour using the tensile test performed with the specimen aligned along the RD. However, as shown in Figure 8 , the part will attain levels of equivalent plastic strain that will require the extrapolation of the mechanical behaviour predicted from the simple tensile test. Thus, two isotropic hardening laws were adopted, the Voce law [54, 55] and the Hockett-Sherby identification of these parameters, for both laws, was performed using the least squares method, in order to minimize the difference with the results obtained for the tensile test with the specimen oriented along the RD, and the parameters obtained are presented in Table 2 . Figure 10 presents the comparison between the results obtained with the Voce and the Hockett-Sherby laws and the experimental one. The difference between the two hardening laws is more clear only at the end of the experimental test and, consequently, for the extrapolated range, which means the difference will only be noticeable in the areas the cup attains equivalent plastic strain values higher than 0.2. The data generated with both laws was used to define the stress-strain curve in ABAQUS. In order to identify the orthotropic behaviour of the material, it was decided to use only the r-values (see Section 2.1), since it is known that this yield criterion is unable to describe both the yield stress and the r-values in-plane directionalities simultaneously.
Moreover, since the hardening behaviour was identified based only on the tensile test performed at RD, the condition G + H = 1 was also adopted. The sheet is assumed isotropic through the thickness, leading to L = M = 1.5. In ABAQUS, the anisotropic behaviour is described based on the stress ratios ij R , which can be obtained from the anisotropy coefficients or from the anisotropy parameters: Table 3 presents the values obtained for this stress ratios, which result in an in-plane distribution of the yield stress that presents the lowest value at DD, but the highest value at TD. In deep drawing operations, it is difficult to determine the friction coefficient, both experimentally and numerically. Several authors agree that its value is not constant and it will depend on the type of lubrication, the shape of the contact surfaces of the tools (flat surface or rounded matrix), the forming velocity or the contact pressure [58, 59] .
From a numerical point of view, this parameter is often considered constant and determined based on trials, in order to describe as close as possible the maximum force value and the draw-in observed experimentally. This was the approach adopted in this work, although it is known that there is a strong correlation between the friction coefficient and the yield criterion adopted [60, 61] .
Results and discussion
This section presents the comparison between experimental and numerical results, obtained with the model described in the previous section. Due to the wide set of numerical and material parameters under analysis, this section is organized as follows.
First, the influence of the element type on the results is discussed, considering that the constitutive model is the von Mises yield criterion and the Voce hardening law. This model was the one selected also to fit the friction coefficient. Then, the influence of the constitutive model is analysed, based on the conclusions extracted from the Section 4.1.
The last section analysis the influence of the die opening radius on the results, since this process parameter can have a strong impact in the ironing stage. Figure 11 compares the experimental evolution of the punch force with its displacement with the results obtained using the two discretizations previously described (M1 and M2), for both the solid-shell element (Figure 11 (a) ) and the solid element (Figure 11 Moreover, although not shown here, for the SC8R element, the number of integration points through the thickness has almost no influence on the results for the punch force and the thickness evolution. Figure 13 presents the ring opening predicted using the different types of finite elements, highlighting the impact of the number of integration through the thickness in case of the SC8R element. In fact, for this type of element the increase of the number of integration points through the thickness tends to decrease the springback value predicted for a given mesh, indicating a more rigid behaviour for a small number of integration points. On the other hand, the finer in-plane discretization leads to higher springback values, whatever the type of finite element adopted. The same applies to the friction coefficient, i.e. higher values lead to a larger ring opening.
Influence of the element type
It should be mentioned that the increase in the cup's average height with the increase of the friction coefficient can also contribute to the increase of the ring opening.
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In fact, as shown in Figure 9 , the numerical model adopted always assumes the same set of finite elements to define the ring. Thus, the increase of the friction coefficient also contributes to the increase of the ring height. This seems to be the main effect contributing to the increase of the springback prediction, when using a higher friction coefficient value.
The ring height has been previously reported as one of the factors contributing for changes in the springback value [48] .
The numerical ring opening predictions are all close to the experimental mean value of 6 mm. However, the different in-plane discretizations and the two types of elements tested generate quite different computational times. A factor of about 4.6 is obtained between the simulation times of the meshes M1 and M2. For the two types of finite elements tested and for a given mesh, this factor is 4.15 between the SC8R and C3D8I elements. Therefore, the SC8R element is more cost-effective, since all the experimental results are correctly predicted, with a much smaller computational time.
However, the thickness prediction is more accurate when using the C3D8I element. Figure 13 . Ring opening predicted as a function of type of finite element, the in-plane discretization, the yield criteria, the friction coefficient (COF) and the hardening law. The label "H_S" corresponds to the Hockett-Sherby hardening law. 
Influence of the constitutive model
The analysis of the influence of the yield criteria adopted on the numerical results of an AA5754-O cylindrical cup drawing, including the ring opening, has been previously performed for the C3D8I finite element [16] , but for another cup dimensions.
In this study, the analysis was performed considering the von Mises, the Hill48 and the non-quadratic yield criterion, Barlat91, proposed in [62] . Globally, the results show that the Hill48 yield criterion overestimates the thickness distribution, while the Barlat91 accurately describes it. However, regarding the springback results, the von Mises yield criterion predicts the ring opening value closer to the experimental one. In fact, both orthotropic yield criteria lead to a clear underestimation of the ring opening, particularly the Hill48 [16] . Although the cup dimensions analysed in this previous study are different from the ones presented here, the same conclusions are valid for the C3D8I finite element.
Based on these previous results, the analysis of the influence of the hardening law and the yield criterion will be performed considering the M2 mesh and the SC8R element, with 15 integration points through-thickness. Figure 14 compares the experimental evolution of the punch force with its displacement with the results obtained considering the Hockett-Sherby hardening law and the two yield criteria under analysis.
Regarding the hardening law, the comparison of the results of Figure 14 with the ones shown in Figure 11 (a) indicates an excellent correlation with the experimental results up to 12 mm of punch displacement, for the two hardening laws, with a coefficient of friction of 0.06. In fact, the differences in the punch force evolution predicted with both hardening laws are negligible. Nevertheless, with the Hockett-Sherby law, a better prediction of the maximum force for the ironing stage is attained with a friction coefficient of 0.06. On the other hand, regarding the numerical prediction of the ring opening, shown in Figure 13 , the Hockett-Sherby hardening law overestimates the experimental value. These results are consistent with the ones in Figure 10 , which highlights that for equivalent plastic strains higher than 0.2 the Hockett-Sherby law predicts higher flow stress values, which can lead to an increase of the circumferential stresses predicted for the cup wall, increasing the springback prediction.
Regarding the yield criterion adopted, Figure 14 shows that taking into account the anisotropic behaviour of the sheet mainly modifies the prediction for the ironing stage forces. This can be explained by a change in the thickness evolution along the cup's wall, since the use of the Hill48 yield criterion leads to an overestimation of the thickening, as shown in Figure 15 . Nevertheless, it is observed that the order of the 25 numerical curves along the orientations RD, DD and TD respect the order observed experimentally. This can be related with the fact that the identified parameters for the Hill48 yield criterion enable a proper description of the r-values in-plane directionalities. Figure 16 shows the evolution of the external diameter of the cup as a function of the punch displacement, thus reflecting the draw-in of the sheet during the forming process. The measurements of the external diameter, along the RD, were performed with a calliper using the interrupted tests (see Figure 3 , labelled Classic Cups) and from the ARAMIS measurements (see Figure 6 , labelled Aramis Cups). The numerical results are in agreement with the experimental ones. The Hill48 yield criterion predicts a slightly higher draw-in than the von Mises isotropic yield criterion. Also, the influence of the friction coefficient is negligible. It is also observed that the von Mises criterion better predicts the evolution of the exterior diameter over the first fifteen millimetres of punch displacement, whereas the Hill48 criterion becomes more accurate after 20 mm of punch displacement, whatever the friction coefficient adopted. Nevertheless, it should be mentioned that both yield criteria overestimate the punch displacement corresponding to the loss of contact between the blank and the blank-holder (see Figure 14) , although the predicted cup average height is smaller than the experimental one. The results obtained for the earing profile, at the end of the forming process, are shown in Figure 17 , highlighting that the Hill48 yield criterion accurately predicts the 27 position of the ears, although the amplitudes are overestimated. The overestimation of the ears amplitude can be explained by the overestimation of the in-plane yield stress directionalities, which typically occurs when the Hill48 anisotropy parameters are identified based on the r-values. It is known that by adjusting the Hill48 anisotropy parameters using the yield stresses, instead of the r-values, reduces the amplitude predicted for the ears, but the thickness prediction will be less accurate (see e.g. [28] ).
However, the cup average height is slightly underestimated by both yield criterion, although the increase of the friction coefficient leads to an increase of the average cup's height, as also reported in the experimental results (see Figure 5) . Also, although the rvalue predicted along RD is smaller than along TD, since the yield stress value predicted along TD is higher than along RD, the valleys at 0º with RD are similar to the ones at 90º
to RD. Regarding the prediction of the ring opening, Figure 13 shows that the Hill48 criterion is unable to accurately describe the springback, which can be related with the inaccurate description of the through-thickness distribution of the circumferential stress in the ring. This has been attributed to the fact that the Hill48 yield criterion is known for not being able to properly describe the orthotropic behaviour of materials with average rvalue lower than 1, particularly for equibiaixial and plane strain states [15, 16] . On the other hand, the von Mises isotropic criterion predicts results in agreement with the experimental ones, but is unable to predict the earing profile. Although not shown here, the comparison of the circumferential stress predicted in the ring for both yield criteria
indicates that the introduction of the anisotropic behaviour has a strong impact in its distribution along the circumferential direction, strongly reduction the through-thickness stress gradient along the DD direction. Thus, the overestimation of the earing profile (see Figure 17 ) seems to directly contribute to the underestimation of the springback.
However, as previously mentioned, the adoption of a non-quadratic yield criterion also leads to an underestimation of the ring opening [16] , which indicates that other factors are affecting the predictions.
It is known that, after applying a prestrain value in a uniaxial tension test, the unloading modulus, measured as the slope of a secant line between the starting and end points of the unloading curve, is lower than the physically-measured Young's modulus.
Several models have been proposed to take into account this phenomenon, considering its evolution with prestrain (see e.g. [63, 64] ) or even describing the hysteresis loop exhibited in a load/unloading cycle (see e.g. [65] ). The adoption of a model enabling the description of the degradation of the elastic stiffness due to plastic straining enables more accurate springback predictions (see e.g. [63] ). Although it was not taken into account, the AA5754 alloy under analysis is known to be sensitive to this phenomenon [65] . As previously mentioned, the ring is located in a part of the cup wall which attains high levels of equivalent plastic strain. Therefore, it is reasonable to assume that the ring will present degradation of the elastic stiffness due to plastic straining. Assuming a constant reduced value for the Young's modulus, over the ring, would result in higher springback predictions, for all yield criteria. Figure 18 (a) shows the plot of the major and minor strains obtained for the outer surface of the cup, at the end of the forming process, when using the von Mises yield criterion and the Voce hardening law. This figure highlights the strain state for each of the predefined zones (see also Figure 9 ), in order to improve the analysis of Figure 18 (b). This figure compares the major and minor strains obtained for the outer surface of the cup from the experimental field measurements with the results obtained with the two yield criteria. Globally, the final strain state is fairly well predicted by the two criteria, which is also an indication that the incorrect prediction of the springback by the Hill48 yield criterion should result from a poor estimation of the distribution of the internal stresses in the ring. The major difference between the numerical and the experimental 29 results is observed in the punch radius (zone 2), where a local minimum value of the major strain is observed for a strain path close to uniaxial tension. Also, it is observed that the zone corresponding to the ring (zone 3), reaches major and minor strains higher than 0.2, which justifies the use of experimental tests that enable the description of the hardening behaviour for equivalent plastic strain values higher than the ones attained in the uniaxial tensile test.
In a previous work, considering the deep drawing of a cylindrical cup with different dimensions, for the same aluminium alloy, a similar result was observed for the strain predicted with the Hill48 and the von Mises yield criteria. Nevertheless, in that case both under-predicted the major strains in the cup wall region by about 5% strain, which was attributed to the inability of the four-node quadrilateral shell elements to accurately capture the ironing behaviour [4] . The results presented in this work confirm that the use of 3D elements provide a better prediction of the compressive through-thickness and tensile major strains in the wall. Moreover, it is interesting to note that, although the Hill48 is known for not being able to reproduce the so-called anomalous yield response for materials presenting an average r-value lower than 1, the strain field predicted for the outer surface is similar to the one predicted with the von Mises yield criterion. This can be related with the small earing effect observed on the cups (see Figure 17) as well as the small differences in the thickness distribution (see Figure 15 ), which result in a small dispersion of the trend obtain with the Hill48 yield criterion around the results predicted with the von Mises. 
Influence of the die opening radius
The geometric dimensions of the tools have a direct impact on the final shape of the manufactured parts. Thus, even small changes in the dimensions, due to tool wear or machining tolerances can influence the experimental results. In this subsection, the influence of the die opening diameter on the numerical results is analysed, using the M2 mesh, the von Mises yield criterion, the Hockett-Sherby hardening law and a friction coefficient of 0.06. In the ironing stage, the punch force evolution seems to be better predicted when using the SC8R element.
The results for the ring opening are presented in Figure 20 , showing that the influence of the die opening diameter is negligible, which indicates that the small difference in the ironing stage of the process has little impact on the through-thickness circumferential stress distribution. However, it should be noted that the ring is cut at a height that is not submitted to ironing, i.e. according to Figure 4 only the last 5 mm are submitted to strong compression in the thickness direction, which are not part of the ring (see Figure 7) . Thus, the through-thickness circumferential stress distribution is mainly dictated by the material flow on the die shoulder radius, which remained unchanged, leading to similar punch force evolutions during the drawing stage, for both die opening diameters. The die opening diameter has also some influence on the computational time, since a smaller value leads to some convergence difficulties associated with higher stretch values and, consequently, the computational time increases. Also, when using the Hill48 yield criterion, which generates different thickness distributions, it seems that the management of the contact is more complex, contributing to an increase of the computational time. For the SC8R element a factor of about 1.5 is obtained when the orthotropic behaviour is included in the numerical simulation, while for the C3D8I element this factor can attain a value of 3.0. As previously mentioned, the SC8R element, for which the simulations were carried out with a single element through-thickness, is much more advantageous in terms of computation time than the C3D8I element, using 3 layers of elements through-thickness.
Nevertheless, it should be mentioned that the C3D8I element allows a finer analysis of the results, as shown in Figure 12 for the thickness distribution along the cup wall. Moreover, due to the absence of a blank-holder stopper in the tool, the inner edge of the flange of the cup is pinched between the die and the blank-holder, just before the loss of contact with this tool. Due to the orthotropic behaviour of the material, this occurs mainly close to the DD, were the ears are located (see Figure 17) , as shown in Figure 21 .
This results is well predicted by the model with C3D8I finite elements, while the one with SC8R elements is unable to predict it, due to the fact that only one through-thickness element is used, which makes it impossible to reproduce this type of distortion at the edge 33 (linear interpolation of the displacements). This may also contribute to explain the higher computational times attained when using the C3D8I element. This pinching effect can also contribute to exaggerate any misalignment between the sample and the tools, modifying the shape of the ears [21] . 
Conclusions
This study presents a detailed experimental and numerical analysis of the Swift cylindrical cup forming and the subsequent split-ring Demeri test. Since the test conditions selected involve a deep drawing and an ironing stage, the use of shell elements was discarded. Two types of finite elements were selected to perform this study: the C3D8I linear hexahedron element with selectively reduced integration to which incompatible deformation modes are added; and the SC8R solid-shell with reduced integration (only 1 integration point in the plane), combined with the Simpson integration rule, considering 5 and 15 through-thickness points.
Concerning the in-plane discretization, it was observed that by guaranteeing that the discretization respects the recommendations of using an element size that covers 5 to 10º of the tool radius the punch force evolution is well predicted, although a finer discretization leads to a smoother description of the punch force in the ironing stage of yield criteria predict the strain distributions in the final cup quite accurately. Although the strain paths and the change that occurs when the material moves along the die shoulder radius, ranging from uniaxial compression to plane strain, is well predicted, improved knowledge concerning the stress states is still required. In particular, considering that the ring opening is also underestimated when using C3D8I finite elements and a nonquadratic yield function [16] , the analysis of the influence of the degradation of the elastic stiffness or the Young's modulus reduction on springback prediction, should be performed.
